leguminosarum bv. trifolii WU95 unable to accumulate 4-hydroxybenzoate lack 4-hydroxybenzoate hydroxylase. The capacity of these mutants to take up and Murdoch, Western-Australia 61 50, Australia grow on 4-hydroxybenzoate was restored by a 2.0 kb €coRI-Pstl DNA fragment. This contained only one ORF which had over 60% DNA sequence similarity with the structural gene for 4-hydroxybenzoate hydroxylase (pobA) from Pseudomonas spp. and Acinetobacter. Reported effects of metabolic inhibitors and substrate analogues on the apparent uptake of 4-hydroxybenzoate have now been shown to be due to their direct effect on 4-hydroxybenzoate hydroxylase. We propose that uptake of 4-hydroxybenzoate is via a metabolic 'drag' mechanism dependent on the activity of the pobA gene product.
INTRODUCTION
Many bacteria degrade aromatic substrates via the catecho1 and protocatechuate branches of the 3-oxoadipate pathway (Stanier & Ornston, 1973) . Rbixobizlm legzlminosartlm bv. trifolii (hereafter referred to as R. trifoliz) TA1 possesses both pathways (Chen e t al., 1984) whereas R. trifblii WU95 and R. legzlminosarzlm bv. viciae (hereafter referred to as R. legzlminosartlm) MNF300 have only the protocatechuate branch (Chen e t al., 1984) . Growth of R. legzminosartlm and R. trifolii on 4-hydroxybenzoate or protocatechuate requires enzyme induction ; Chen e t al.
(1 984) showed that 4-hydroxybenzoate hydroxylase and protocatechuate 3,4-dioxygenase were induced in the presence of 4-hydroxybenzoate. Growth on protocatechuate resulted in induction of protocatechuate dioxygenase, but not 4-hydroxybenzoate hydroxylase (Chen e t al., 1984; Wong e t al., 1991) .
Despite detailed work on the catabolic enzymes involved in the 3-oxoadipate pathway, mostly in Psezldomonas (Stanier & Ornston, 1973; Wheelis, 1975; Yeh & Ornston, 1981 ; Shanley e t al., 1986; Hughes e t al., 1988; Entsch e t al., 1988; Van Berkel e t al., 1992) and The (;enBank accession number for the sequence data reported in this paper is L23969.
Acinetobacter Doten e t al., 1987 ;  Hartnett e t al., 1990; Neidle e t a!., 1991 ; DiMarco e t al., 1993a, b) , little is known about the systems involved in the entry into the cell of aromatic intermediates of this pathway. Although the presence of an uptake permease for 4-hydroxybenzoate (and other aromatic substrates) has been assumed for Rbixobitlm (Chen eta/., 1984; Wong etal., 1991) as well as for other bacteria such as Psezldomonas spp. (Entsch e t al., 1988) , there has been no unequivocal demonstration of such a permease. A benzoate permease has been reported in Psetldomonas pzltida (Thayer & Wheelis, 1982) , but the question of whether 4-hydroxybenzoate enters rhizobia by diffusion (as originally assumed for Psezldomonas; Rottenberg, 1975 ; Thayer & Wheelis, 1982) , or via a permease (as suggested by Chen e t al., 1984 ; Wong e t al., 1991) remains unanswered.
We have previously suggested (Wong e t al., 1991) that there are separate uptake systems for entry of 4-hydroxybenzoate and protocatechuate into R. legtlminosarzlm and R. trzfolii, and that these substrates gain entry into the cell via an active transport system. The major evidence for this came from the finding that 14C accumulation by R. legziminosartlm MNF300 from 4-hydroxy [ 14C] benzoate was markedly decreased by metabolic inhibitors and by other hydroxyaromatic compounds. The detection of 4-hydroxybenzoate hydroxylase Isolation of chromosomal and plasmid DNA, and transformations. Total DNA was prepared from mid-exponential or stationarv phase cultures of strains grown in 5 ml TY medium (supplemented with kanamycin when appropriate) by the method of Ausubel et al. (1988) . Plasmid DNA was isolated on a CsCl gradient as described by Sambrook e t al. (1989) . Minipreparations of plasmid DNA were extracted by the alkaline lysis method of Sambrook et al. (1989) and transformed into E. coli using the method of Hanahan e t al. (1991) . Probe preparation. DNA probes were isolated on low-meltingtemperature (LMT) agarose, purified by gelase (supplied by Epicentre) or on Magic PCR columns (Promega Corp) and labelled with biotin or digoxygenin 11-dUTP according to the manufacturer's (Bresatec) instructions.
DNA hybridizations. Denatured, neutralized, membrane-bound DNA was added to hybridization fluid. Hybridizations were carried out at 68 O C (high stringency) and 28 "C (low stringency) and washes were as described by Sambrook et al. (1989) . Growth experiments. Wild-type and complemented rhizobial strains were grown with shaking at 28 "C to mid-exponential phase in MSH containing 2 mM 4-hydroxybenzoate; a similar medium containing 2 mM 4-hydroxymandelate was used to determine whether these strains could grow on 4-hydroxymandelate. The mutants were grown in similar medium but with the addition of 5 or 10 mM glucose. Cultures were harvested, washed twice in minimal salts and resuspended in 1 mM 4-hydroxybenzoate or 1 mM 4-hydroxymandelate as sole carbon source and cell density monitored.
4-Hydroxybenzoate or
LGhydroxymandelate consumption. Cells were grown essentially as described above and resuspended to an A,,, = 0.1-0-5 in MSH containing 1 mM 4-hydroxybenzoate or 1 mM 4-hydroxymandelate as the sole carbon source (except where stated otherwise). Samples were removed every 1.5 or 2.0 h for measurement at Asoo and for assay of the concentration of 4-hydroxybenzoate or 4-hydroxymandelate. The rate of substrate disappearance was Dilworth et al., 1983) .
Uptake of 4-hydro~y['~CIbenzoate and ['4C]protocatechuatce.
Uptake of 4-hydro~y[7-~~C]benzoate (Amersham) was measured as described by Wong et al. (1991) . ['4C]Pr~tocatechuate was prepared and its uptake measured as described by Wong e t al. (1991) .
Analytical methods. 4-Hydroxybenzoate was measured in culture supernatants by acidifying with HC1 (to 0.1 M final concentration) and recording A,,,. Concentration was calculated using an absorption coefficient of 14560 M-' cm-' at 255 nm. 4-Hydroxymandelate was assayed at 234 nm. Protein was determined using the method of Lowry with bovine serum albumin as a standard.
Paper chromatography. Hydroxyaromatic compounds were chromatographed and detected as described by Smith (1960:l.
Enzyme assays. Cell-free extracts were prepared as described by Wong e t al. (1991) and 4-hydroxybenzoate hydroxylase was assayed using the method of Entsch e t al. (1976) . 4-Hydroxybenzoate, protocatechuate, 4-hydroxybenzaldehyde, 2,5-dihydroxybenzoic acid and carbonyl cyanide-mchlorophenyl hydrazone (CCCP) were supplied by Sigma.
RESULTS AND DISCUSSION

Complementation of mutants
Following conjugation with a cosmid library of R. legtlminosarum B155 DNA in E. coli, one plasmid (pCMW3030) was identified which enabled MNF3030 to grow on 4-hydroxybenzoate. A 4.0 kb EcoRI fragment subcloned from pCMW3030 (to form pCMW11) and a 2.0 kb EcoRI-PstI subclone of it (pCMW5) enabled the mutants MNF3030, MNF3036 and MNF9013 to grow on 4-hydroxybenzoate as sole source of carbon.
Complemented mutants of R. legzlminosartlm grew slowly on 4-hydroxybenzoate7 whereas the complemented mutant of R. trifolii was more like the wild-type (Table 2) . A direct quantitative comparison of growth rates of complemented strains with those of the wild-types is not valid as a wild-type containing the cloning vector was not constructed. The rate of consumption of 4-hydroxybenzoate and growth on it appeared to be correlated in the complemented strains.
Restriction mapping
The 4.0 kb complementing DNA from R. legtlminosarzlm B155 was restriction-mapped using the fragments shown in Fig. l(a) as hybridization probes. This 4.0 kb fragment was used as a probe against EcoRI-digested genomic DNA from MNF300, MNF3030 and WU95. DNA from MNF300 showed two hybridizing bands (1.8 kb and 2.2 kb) and there were bands at 0.3 kb, 1.5 kb and 2.2 kb in WU95, indicating that DNA from these strains contain additional EcoRI sites not found in B155. DNA from the Tn5-induced mutant, MNF3030, showed bands of 2.2 kb and 7.6 kb, indicating that Tn5 had inserted into the 1.8 kb EcoRI fragment.
The sequences flanking Tn5 in MNF3030 were cloned and mapped (Fig. la) . A 0.55 kb probe (see Fig. lb) hybridized to the 1.8 kb fragment from MNF300 and the 7.6 kb fragment of MNF3030. The region of insertion of Tn5 in MNF3030 was determined using this probe against the 4.0-kb-complementing B155 DNA digested with Bgll (Fig. lb) .
The 2.0 kb EcoRI-PstI fragment of the 4.0-kbcomplementing B155 DNA (Fig. la) found to complement the mutants. This indicated that the defective gene was located within this fragment.
DNA sequencing
The DNA sequence was determined by sequencing both strands of overlapping cloned fragments from the 2.0 kb (B155) and 1.55 kb (MNF300) fragments of DNA, using synthetic primers where appropriate.
Analysis of the sequence data revealed three ORFs comprising at least 300 nucleotides within the 2.0 kb fragment, but only one of substantial length (1.17 kb The DNA sequence of the R. legzlminosarztm pobA gene from R. legzlminosarzlm B155 is shown in Fig. 2(a) . The gene has 1173 nucleotides (390 amino acids, beginning with leucine). The 5' end of the transcribed gene sequence was immediately preceded by the ribosome-binding sequence GGAGG, separated by six residues from the translational start. Just after the C terminus of the protein, a stem-loop structure 5' CGAGGATAATTCTGC ATCCTCG 3' was detected (Fig. 2a) .
DNA from the homologous region in R. legzlminosarzlm MNF300 (flanking T n 5 in pCMW4) was partially sequenced ( Fig. 2b ; 936 nucleotides and 312 corresponding amino acids). T n 5 had inserted 0-94 kb from the beginning of the gene. The pobA gene for both strains begins with a leucine codon and is preceded by the ribosome-binding sequence GGAGG.
Homology of R. leguminosarum p06A
About 80% of the p o b A gene in MNF300 has been sequenced. The nucleotide sequences of p o b A from MNF300 and B155 show 93% homology (over 936 nucleotides). The MNF300 protein differs from that from B155 by 15 residues (Fig. 3) . with B155 for the same residues). The regions associated with substrate and FAD binding are the most highly conserved (Fig. 3) 
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RBS
-35 -10 A feature of the regulatory region ofpobA in P. aerzlginosa is the occurrence of A+T-rich regions in a gene which overall is 68% G + C . In R. legzlminosarzlm (B155 and MNF300) the regions upstream of the start codon also contain regions which are A + T-rich in comparison with thepobA gene. Specifically, the sequence 5' AATTTT 3' (in Bl55) and 5' TTTATA 3' (in MNF300) occur in the same position upstream of the start codon as the -10 site in P. aerzlginosa (Fig. 2a and b) . Both of these putative -10 sites occur in the regulatory region at the richest A + T sites. Similarly, the putative -35 sites in R. legzlminosarzlm, 5' CCGACA 3' (B155 and 5' GGAATC 3' (MNF300), are found 18 bases upstream from their respective -10 sites ( Fig. 2a and b) . Neither of the proposed -10 and -35 sites (nor any regions nearby) show similarity with promoter sites for other Rhixobizlm genes (Gray e t al., 1990; Bae & Stauffer, 1991 ; De Maagd et al., 1992) . Sequences found in similar positions upstream of the start codon for pobA in A. calcoaceticzls (DiMarco et al., 1993b) do, however, show similarity to these putative promoter sites in R. legzlminosarzlm. The sequence 5' AATTTT 3' occurs in the same (-10) region in A. calcoaceticzls.
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AGAATTATGTGGGATTACCATTCTGAGA~AAGCCGTTCTGC~TCCT~!ATGCAC~TCATAATCGCCAGGTCATGGATTACGGCATTTATTTCATTTT
_ _ _ --
Terminator-------ACATCACCATTTCGCATGACAAGCTAACGCTCAAGATTTTGGGCGGCTACCGAAGCCGTACGGCGCGGGAG~CGCC~GGGCTGCAGAGAGAATG~G~GCTA
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The -35 site in A. calcoaceticzls, 5' GACAGG 3' (DiMarco et al., 1993b) , shows little similarity to the putative -35 sites in R. legzlminosarzlm B155 and MNF300, although the B155 site does show three matches of six to the E. coli 0'' consensus sequence 5' TTGACA 3' (Harley e t al., 1987) . Sequence dissimilarity in the -35 region is not uncommon in positively regulated promoters (Raibaud & Schwartz, 1984) .
The putative -10 site for R. legzlminosarzlm MNF300 (5' TTTATA 3') is identical to part of a possible integration host factor (1HF)-binding site proposed for a RopA (repressed outer membrane) protein of R. legzlminosarzlm (De Maagd e t al., 1992) .
Regulation of pobA in R. leguminosarum
A transcriptional activator (pobR) was recently described for p o b A in A. calcoaceticzls (DiMarco et al., 1993b) .
on the presence of a functionalpobR. Regions upstream of the R. legzlminosarzlm pobA (B155 and MNF300) were
Figrn 2. (a) Sequence data obtained for the 2.0 kb-complementing DNA from R. leguminosarum B155 comprising the gene for 4-hydroxybenzoate hydroxylase O306A) and its putative positive transcriptional regulator @obR). The sequence for po6A in the 5'-3' direction begins a t nucleotide 602. The sequence for po6R is shown in the 3'-5' orientation with the initiator codon for the amino-terminal amino acid of the protein beginning a t nucleotide 474. The last digit of each number identifies the exact nt which corresponds to that number. The nucleotide sequences highlighted above 'terminator' delineate a palindromic sequence associated with termination of transcription of po6A. The sequences above RBS correspond with those attributed to the ribosome-binding sites. Putative promoter regions -10 and -35 upstream of the p06A RBS are also highlighted. (b) Partial nucleotide sequence for the pobAlpo6R region from MNF300. The sequence for p06A in the 5'-3' direction begins at nucleotide 563 and extends to the site of insertion of Tn5 (highlighted). The sequence for po6R is shown in the 3'-5' orientation with the initiator codon for the amino-terminal amino acid of the protein beginning at nucleotide 435. The sequence above RBS corresponds with that attributed to the ribosome-binding site for p06A. Putative promoter regions -10 and -35 upstream of the p06A RBS are also highlighted.
IP: 54.70.40.11
On: Wed, 19 Dec 2018 15:36:57 examined to determine whether a regulatory pobR gene B155-complementing fragment and the sequences exists in Rhipbizlm. ORFs of 0.43 kb were found on the flanking Tn5 in MNF300, extending through to the end complementary strand of both the 2.0 kb R. legm.zinosarzlm of each of the fragments (Fig. l a and b) . Rhixobinm legnminosarnm 4-hydroxybenzoate uptake 
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Figm 4. Similarity allowed by MacVector protein analysis software between amino-terminal amino acid sequences of pobR. A small number of amino acids have been included from the ORF found at the beginning of sequence data for the P. aeruginosa pobA (Entsch eta/., 1988) . The sequences underlined are those proposed for the helix-turn-helix motif in A. calcoaceticus (DiMarco et a/., 1993b). 1, Amino acid sequence of pobR for R. leguminosarum; 2, amino acid sequence of pobR for A. calcoaceticus; 3, amino acid sequence of pobR for P. aeruginosa.
Regions of similarity of the B155 ORF to the A. calcoaceticzrspobR are shown in Fig. 4 . The consensus RBS sequence 5' GGAG 3' is separated from the translational start by 4 nucleotides (cf GGAGG separated by 4 nucleotides from the start codon of catR in A. calcoaceticus; Rothmel e t al., 1990). As in A. calmacetiens, thepobA and pobR genes appear to be transcribed divergently in B155 and MNF300, the separation being 130 bp and 128 bp, respectively. The sequenced portion of the pobR gene (Fig. 4) legzrminosarzrm has a very high ratio (5.5 : 1) of arginine to lysine, analogous to A. calcoaceticns (DiMarco e t al., 1988) and the rare arginine codon AGA is used twice in the corresponding regions of the genes in both organisms. These similarities to the A. calcoaceticnspobR are evidence that these sequences are part ofpobR in R. legnminosarnm.
Comparison of the sections ofpobR obtained for B155 and MNF300 shows nucleotide homology of 95 % and amino acid identity of 94 %.
The role of pobA in the uptake of 4-h yd roxybenzoate
The demonstration that the gene mutated in MNF3030, MNF3036 and MNF9013 codes for 4-hydroxybenzoate hydroxylase suggests that this enzyme is involved in the uptake of 4-hydroxybenzoate. Previous work (Wong e t al., 1991) had suggested, on the basis of inhibitor and substrate analogue studies, that 4-hydroxybenzoate uptake was active. We have now re-examined the mechanism of uptake of 4-hydroxybenzoate using the complemented strains.
Assays of 4-hydroxybenzoate hydroxylase in wildtype and mutants
In the earlier work (Wong e t al., 1991) , extracts from MNF9013 showed 4-hydroxybenzoate hydroxylase activity essentially the same as for the wild-type. Assays of hydroxylase activity (Table 3) in two of the complemented mutants (MNF3030C3 and MNF9013C3) carrying the 2.0 kb complementing fragment showed that they had enzyme activities which were comparable to that for the fully-induced wild-type MNF300 (37 nmol min-' (mg protein)-']. Enzyme assays were not carried out on complemented mutants carrying the larger plasmids (MNF3030C1, MNF3030C2, MNF9013C1 and MNF9013C2). None of the mutants showed significant hydroxylase activity (Table 3) . Hydroxylase activity in MNF9010, a protocatechuate 3,4-dioxygenase (PcaHG) mutant (Wong et al., 1991) grown on 4-hydroxybenzoate (2 mM) and glucose (10 mM) was also measured to assess the degree of repression exerted by glucose when mutants such as MNF3030 and MNF9013 were grown in media containing glucose and 4-hydroxybenzoate. The hydroxylase activity in MNF9010 was 17 % of that found for the fully-induced wild-type, a rate comparable to that expected (Dilworth etal., 1983; Wong et al., 1991) .
Effects of other compounds on hydroxylase activity
When cells of the prototroph MNF300 grown on 4-hydroxybenzoate were incubated with a 50-fold molar excess of protocatechuate (5 mM), accumulation of 4-hydr~xy['~C]benzoate was totally inhibited (Wong e t al., 1991) ; similar experiments with 4-hydroxybenzaldehyde (2 mM) showed a 100% inhibition of 4-hydroxy [ 14C] benzoate accumulation whereas 2,5-dihydroxybenzoate (2 mM) caused only 29 '/O inhibition. We had interpreted these data as implying competition for a transport system; an alternative explanation is that these compounds interfere with 4-hydroxybenzoate hydroxylase activity intracellularly.
In hydroxylase assays containing 0.3 mM 4-hydroxybenzoate, 0.1 mM protocatechuate inhibited hydroxylase activity by 93 YO ; 0.6 mM 4-hydroxybenzoate was able to overcome this inhibition, but not when protocatechuate was present at 1 mM. 4-Hydroxybenzaldehyde (1 mM) inhibited enzyme activity by 76 YO, but 2,5-dihydroxybenzoic acid at 2 mM inhibited hydroxylase activity by only 17 YO and by 23 YO at 4 mM.
These results are comparable with the degree of apparent inhibition of labelled 4-hydroxybenzoate accumulation by these hydroxyaromatic compounds.
Accumulation of 14C from 4-hydroxy[14C] benzoate and [ 14C]protocatechuate in MNF300 was inhibited over 98 % by 0.05 mM CCCP (Wong e t al., 1991) , apparently indicating inhibition of an energized uptake system. However, when the enzyme reaction was allowed to proceed for 1 min [at 37 nmol min-' (mg protein) -'] prior to the addition of 0.025 mM CCCP, enzyme activity fell to 17.4 nmol min-' (mg protein)-'. Addition of a further 0.025 mM CCCP after 2 min lowered activity to 9-1 nmol min-' (mg protein)-'; a further 0.1 mM added after 5 min resulted in a final rate of 1-5 nmol min-' (mg protein)-' (96 % inhibition).
Thus, the apparent effects of both hydroxyaromatic compounds and of metabolic inhibitors such as CCCP (Wong e t al., 1991) on [14C]hydroxybenzoate accumulation may be explained by these compounds inhibiting 4-hydroxybenzoate hydroxylase activity and preventing continued entry of labelled substrate into the cells.
Growth on 4-hydroxymandelate
Wong e t al. (1991) reported very slow growth of both R. trifolii WU95 and MNF9013 on 4-hydroxymandelate in liquid media. A lesion inpobA should not allow growth on 4-hydroxymandelate as sole carbon source because 4-hydroxymandelate must be converted to 4-hydroxybenzoate to be metabolized. Paper chromatography of the original 4-hydroxymandelate failed to reveal any significant contamination. When this material was recrystallized, neither the wild-type strains (MNF300, WU95) nor the mutants (MNF3030, MNF3036, MNF9013) grew on 4-hydroxymandelate. Apparent growth of WU95 and MNF9013 on 4-hydroxymandelate in earlier work may have been due to microbial contamination or contamination of the medium with a carbon substrate other than 4-hydroxymandelate.
Mechanism of uptake of 4-hydroxybenzoate and protocatechuate by R. leguminosarum
Independently isolated mutants of R. leguminosarzrm MNF300 (MNF3030 and MNF3036) and R. t r i f l i i WU95 (MNF9013) unable to grow on 4-hydroxybenzoate regained this ability when they carried a 2.0 kb fragment of R. leguminosarum B155 DNA carrying only the p o b A gene. WhenpobA carries a T n 5 or 2' 115-233 insertion, cells of R. legzrminosarzrm or R. trzfolii do not accumulate radioactive 4-hydroxybenzoate ( Table 2 ), implying that this gene is essential for the continued entry of 4-hydroxybenzoate. If these organisms also possessed an active 4-hydroxybenzoate permease system, it would be logical to expect 4-hydroxybenzoate accumulation to occur in mutants lacking the hydroxylase; this was not observed.
Whatever mechanism is suggested for the entry of 4-hydroxybenzoate into rhizobial cells must be consistent with the observed rate of degradation of this substrate. Previous work described the stoichiometric conversion of 4-hydroxybenzoate to protocatechuate by apcaHG mutant (MNF9010) of R. trzfolii WU95 which, unable to further metabolize protocatechuate, secreted it into the medium (Wong e t al., 1991) . The rate of this conversion, ca 28 nmol min-' (mg protein)-', gives an estimate of the rate of entry of 4-hydroxybenzoate into the cell consistent with the observed rate of uptake of 4-
